In the past 68 Ge (Germanium-68) was purified with toxic organic solvents in liquid-liquid extractions making the product unacceptable by the FDA (food and drug Administration) for human use. The authors report initial studies utilizing three or four columns consisting of sequences of AG1, AG50, Chelex 100 and/or Sephadex G25 resins. Five purification methods were examined and a separation consisting of the sequence: AG1-Chelex100-Sephedex G25 provided 87% recovery of germanium. Fractionation of the elution resulted in high germanium concentrations.
Introduction
 PET (positron emission tomography) with peptides radiolabeled with 68 Ga (Gallium-68) is emerging as a suitable method for the diagnosis of disease and evaluating treatments [1, 2] . 68 Ga has a short half-life (T 1/2 = 68.1 min) and is formed from the electron capture of 68 Ge (Germanium-68) which has a longer half-life (T 1/2 = 271 days). This isotope pair has been used in PET calibration sources as well as the development and marketing of the germanium/gallium medical isotope generator. During production of 68 Ge the following isotopes are coproduced: 65 Zn (Zinc-65), T 1/2 = 244 days and trace quantities of radioactive cobalt. To isolate 68 Ge from the Gallium target material a two-step process is used which involves leaching 68 Ge from natural gallium. Followed by liquid/liquid solvent extractions performed with various concentrations of HCl and toluene or carbon tetrachloride [3] . The toxic organics are class 1 and 2 solvents according to the FDA (food and drug Administration) and should be avoided when preparing a drug substance [4, 5] .
Ideally the purification of Ge should use aqueous chemistry to remove all the Zn and Co, but leave part per million levels or less of natural Ga. In the solvent extraction approach 68 Ge recovery yields are 85%
with greater than 99% radiopurity with average activity concentrations of 92.96 mCi/mL [6] . The separation should produce 68 Ge with greater than 80% recovery and the final product needs to be in 0.1 M HCl with a radiochemical concentration greater than 50 mCi/mL. Volume reduction of the Ge/HCl solution to meet the activity concentration requirement is not practical as Ge and Ga tetrachloride are both extremely volatile, and would result in loss of product and a contamination issue [7, 8] . These requirements for the 68 Ge product make purification of Gefrom gallium metal challenging. The studies herein evaluate the retention of Ge, Ga, Co and Zn on Chelex 100 and Sephadex G25 from alkaline solution. This knowledge was used to investigate five different separation approaches to separate Ge utilizing multiple resin sequences. These initial studies focus on a separation that utilizes the leaching step followed by column chromatography.
Materials and Methods

Materials
All solutions were prepared with 18 MΩ Millipore water, pH adjustments were checked with pH strips D DAVID PUBLISHING (EMD chemicals). Coarse, fine and medium mesh Sephadex G25 was purchased from Phamcea, and Econo-Pac columns, analytical grade AG1X8, AG50, and Chelex 100 resins were purchased from BIO-RAD. ICP-MS (inductively coupled plasma-mass spectrometry) standards for Ga, Ge, Co, Zn, a 19 element mixed standard were purchased from SPEX CertiPrep (Metuchen, NJ) and were used to prepare a set of ICP calibration and QC (quality control) standards. Gallium metal and other chemical were purchased from Sigma Aldrich. All other materials were purchased from Fisher Scientific.
Single Column Studies
Sephadex Procedure
A solution contining 100 µg of Ga, Zn and Ge was prepared from the ICP standards and the solution was adjusted to pH 13.0 with 10 M NaOH. Then the solution was loaded onto a Sephadex G25 (fine or coarse) column, and the column was rinsed with 2-5 bed volumes of 0.1 M NaOH, then 1-2 bed volumes of water. The Ge was eluted with 0.1 M HCl and the elutions were fractionated. The separation was repeated with a solution containing Ga, Ga and Co.
Chelex 100
A solution containing 100 µg of Ga, Zn, Co and Ge was prepared from the ICP standards and the solution was adjusted to pH 14.0 with 10 M NaOH. The solution was loaded onto a Chelex 100 column, and the column was rinsed with 2-5 bed volumes of 1.0 M NaOH, then 1-2 bed volumes of water. The retained metals were eluted with 0.1 M HCl and the elutions were fractionated.
Multi-Column Separations
2.3.1 Gallium Stock Solution A 0.14 g/mL gallium stock solution in 4 M HCl was prepared [9] .
Working Metal Solution
To a beaker was added 0.5 mL of 1,000 µg/mL of Zn and Co ICP standards and the beaker was heated to dryness. To the beaker was added 3-7.143 mL of the gallium solution (0.5-1 grams) and 1 mL of 604 µg/mL Germanium in 0.05 M HCl. The solution was diluted to 20 mL with 4 M HCl. This solution represents the leached amount of Ga, Ge Zn and CO from an irradiated gallium target and was prepared and used for methods 1-5.
Separation Studies
A flow chart and column conditions that summarize the different separation methods are illustrated in Fig. 1 and Table 1 . AG1X8, Chelex 100 and medium Sephadex resins were prepared in Econo-Pac columns, and the AG50 column was prepared in poly-prep column. Briefly, in methods 1-5 twenty mL's of the metal solution was diluted to 1.6 M HCl and an AG1 column was used to remove Zn. Next 10 M NaOH was added to the solution to neutralize the acid and generate a solution at a pH of 14, which was checked by pH paper. The sequence of columns used in methods 1-5 was: Method 1: [AG1, (NaCl spike), Sephadex G25, AG50]. After the AG 1 column NaCl was added to the basic metal solution to generate a 1 M NaCl, the pH adjusted to 14.0 and the solution stirred until dissolved. Method 2: [AG1, Chelex 100, Sephadex G25]. Method 3: [AG1, (NaCl spike) Chelex 100, Sephadex G25]. Method 2 was used with the exception that the eluted solution from the AG1 column was added to NaOH and NaCl to make a 1 M NaOH and 1 M NaCl solution prior to adding the solution to the Chelex 100 column. Method 4: [AG1, Chelex 100, (NaCl spike) Sephadex G25]. Method 2 was used with the exception that the eluted solution from the Chelex 100 column was added to NaCl to make a 1 M NaCl solution prior to adding the solution to the Sephadex G25 column. Method 5: [AG1, Chelex 100 (NaCl spike) Sephadex G25, AG50]. Method 4 was used with the exception that the HCl eluted from the Sephadex G-25 column was passed through an AG 50 column.
Analysis
Stable metals analysis of the final HCl elutions was Ge, Ga, Co eluted Zn eluted Add 10 M NaOH, Final Concentrations: ~1.5 M NaOH (M3 included 1 M NaCl)
M2-M5
Co Retained
M1
Add NaCl volume) and the fractionated (6 × 2 mL) 0.1 M HCl elutions. In the five methods the mass of each metal was determined in each 2 mL HCl fraction, the masses summed for the HCl fractions, and the concentration determined for the entire HCl elution (12 mL).
Results and Discussion
The evaluation of Sephadex G25 resin for Ge purification was based on research where Ge was purified from rocks [10] . Attempts to perform the separation with a Sephadex column at pH values below 13.0, as described in the literature, resulted in the slow formation of a white insoluble solid that stopped column flow. ICP-OES analysis of the insoluble species indicated the presence of both gallium and germanium. At values above pH 10 Ga speciation diagrams indicate Ga is present in the form of Ga(OH) 4 -and insoluble Ga(OH) 3 which was the cause of the insoluble Ga [11] . Ge speciation diagrams indicate Ge is present in the form of the soluble species GeO(OH) 3 -and GeO2(OH) 2 2- [9] . As a consequence of insoluble metal hydroxides at pH values between 10 and 13, high concentration of hydroxide was needed to form complexes of soluble metal hydroxides and the separations were performed at pH 14. Table 2 summarizes the single column studies with Sephadex G25 and Chelex 100. Briefly, in the Sephadex G25 studies the amount of Ga in the elutedload and rinse solution was 98% and the HCl elutions contained: 91.5% of the Ge, 13% of Zn and > 95% of Co. Single column studies with Sephadex indicated Ge and Co behave similar with very high retention on the resin; in contrast, Ga has minimal retention on Sephadex. Only 80% of Zn was removed utilizing the Sephadex. Clearly the approach with Sephadex would require more than one column and Chelex 100 was analyzed for its ability to remove Co and Zn. In a single column study the Chelex 100 retained 91% of the Co and 18% of the Zn while > 95% of the Ge and Ga were eluted in the load and rinse steps. Separation attempts with Bio Rad 501 resin with Ga/Ge/Co/Zn in 0.1 M HCl resulted in mixed results with 43-70% of the metals being eluted, and in a similar separation with 1 M NaOH > 95% of Ga, Ge, and Co were eluted in the load and washings along with 76% of Zn. A one or two column method with NaOH/NaCl approach will not separate Co and Zn from Ge. From these initial studies a three column purification approach was evaluated where Zn was removed first by an AG1 column [12] , and Co is removed by either Chelex 100 and/or AG50, and a Sephadex G25 column is used for the separation of Ga from Ge. Table 2 illustrates the differences of the methods and compares the characteristics of the final product (12 mL of the 0.1 M HCl elutions) of methods 1-5 to the current organic extraction method [6]. The Table 3 The percent Ga, Ge, Zn, and Co recovered in the rinse steps and the HCl elutions in single column studies. following properties were compared: % Ge recovered, concentration of Ga and Co, and the mass (µg) of Ge, Ga, Co and Zn. Ge recovery: In methods 2 and 3 the percent Ge recovered was 87 and 82% as compared to 40-45% for methods 1, 4 and 5. Fractionation of HCl: The final concentration of Ge needs to be high in order to meet activity concentration requirements. The percent of eluted Ge in the HCl fractions was greater than 96% in bed volumes 1 & 2 for methods 1-3, and 5, and was 93% for method 4. This indicates a narrow band of Ge on the Sephadex G25 column that is rapidly eluted from the column with 0.1 M HCl. It is worth noting that the high concentrations of Ge in bed volumes 1 & 2 would translate into high radioactivity concentrations, and concentration step of the final product would not be needed. This is extremely important because germanium chloride is volatile making it difficult to concentrate the product safely. Alternatively, eluting with 0.1 M nitric acid could be problematic, as a white solid was observed when the solution was evaporated. Evaporating high specific activity 68 Ge in nitric acid solution could lead to irrecoverable losses to the glassware [7] . Ga remaining: The organic extraction method produced Ga concentration in the final product from 30-50 ppm. In methods 1-5 the final product (Ge in 12 mL of the eluted HCl) would have a Ga concentration of 15 ppm for method 2, and 1.6-1.7 ppm for methods 3 and 4, and 0.11-0.13 ppm for methods 1 and 5. The AG50 column used in methods 1 and 5 reduced the mass of Ga in the product by a factor of 10 over methods 3 and 4 which did not use the column. Influence of NaCl: Methods 1, 3-5 used Sephadex with NaCl and the concentration of Ga was reduced when compared to method 2 which did not use NaCl. Method 2 does not use NaCl in either Sephadex or Chelex 100 steps and has a 10 fold higher concentration of Ga than similar methods 3 & 4 that use NaCl. A study varying the concentration of NaCl from 0.1-1.5 indicated no correlation between NaCl concentration and Ge and Co concentration in the final product. However, a linear correlation was present between the concentration of Ga in the final product and the concentration of NaCl used in the separation (y = 2.3x + 0.6, R 2 = 0.88). Although this is an interesting finding the final concentration of Ga in the HCl fractions of all the methods was below the concentrations obtained by the organic extraction method. Method 3 looks the most promising for removal of Ga and recovery of Ge, on the other hand the amount of Co in the final product is much higher than the other methods. Zn remaining: The amount of Zn in the HCl fractions for methods 1-5 was below the functional limit of detection (1 ppm) for the ICP-OES, so the first step in the separation has to be the dilution of the sample to 1.5 M HCl and removal of Zn with an AG 1 column. Co remaining: The percentage of Co remaining out of the initial 500 µg was: 0.32% (method 1), 0.58% (method 2), 7.5% (method 3), and 0.15% (method 4). The concentration of Co remaining after method 5 was below the LLOQ for the ICP-OES.
Single Column Studies
Multicolum Studies
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Conclusions
This research evaluates a basic solvent system with various resins for the purification of germanium. Five different methods were evaluated for the purification of Ge from Ga, Co and Zn. Methods 2 and 3 have the best properties for the purification of Ge and will be evaluated further with irradiated Ga targets to determine if either can be used in the production of 68 Ge. The high concentration of germanium in the eluted HCl fractions (bed volumes 1 and 2) of the Sephadex G25 column is ideal for the purification of 68 Ge.
